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METHOD FOR DETERMINING
ELONGATIONAL VISCOSITY AND
DYNAMIC SURFACE TENSION IN LIQUID
SOLUTIONS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to methods and apparatus
for measuring and testing the physical properties of mate-
rials and more particularly for measuring the elongational
viscosity and dynamic surface tension of liquid solutions.

2. Brief Description of the Prior Art

Although various methods exist to characterize the elon-
gational viscosity and to measure the dynamic surface
tension of a liquid, none of these methods are conducted
within the time scale associated with liquid atomization.
This disclosure describes a novel technique from which one
can characterize the elongational behavior of a Newtonian
fluid or dilute polymer solution, and also measure the
dynamic surface tension of a fluid, both within the time scale
associated with fluid atomization.

Although other methods of characterizing the extensional
flow behavior of a solution exist, e.g. tubeless syphon,
impinging jets, falling cylinder, and spin rheometer, only the
impinging jet method is suitable for dilute solutions. This
method, however, is often unsuitable for low viscosity
liquids and polymer solutions due to inertials effects and
flow instabilities that occur at higher rates of deformation.
Dynamic surface tension measurements are possible using a
bubble growth technique, but is also limited to a time scale
much larger than that associated with liquid atomization.
Thus, in order to investigate the elongational viscosity and
dynamic surface tension at high rates of deformation, a
novel spray/particie sizing method was developed.

Previous studies of liquid jet breakup in air have estab-
lished relationships for the resultant particle size, usually, in
terms of the Mass Median Diameter (MMD) and as a

function of the physical properties of the liquid and air over .

a range of liquid and air flow rates. In most cases only neat,
i.e. fluids without polymer or surfactant additives liquids,
have been investigated. When, however, liquid/surfactant
blends and dilute polymer solutions are used in jet breakup
studies the dynamic surface tension and the elongational
viscosity of the polymer solution would affect the resultant
MMD.

SUMMARY OF THE INVENTION

It is the object of the present invention to provide a means
to measure the dynamic surface tension of a liquid contain-
ing surfactant in a time scale shorter than any other known
technique.

1t is a further object of the present invention is to provide
a means to measure the static surface tension of neat liquids
without regard to the wettability of the liquid as required by
most conventional techniques.

It is a further object of the present invention to measure
the effective elongational viscosity of a dilute polymer
solution at high rates of deformation.

It is a further object of the present invention to vary the
dynamic rate by adjusting the wind speed.

It is a further object of the present invention that can be
used with much lower viscosity solutions than possible
available with commercially available instrumentation.

wyvwy.lastio.com

10

15

20

25

30

45

50

55

60

65

2

In the present invention an empirical expression, derived
from neat fluids atomized in an air stream, relates the
resultant drop size, physical properties of the fluid, and
atomization conditions to determine either surface tension or
elogational viscosity.

MMD=15285.4 §7°7%5 ETO095 Ay-175 eq(l)
wherein MMD is expressed in microns, ST is liquid surface
tension in dynes/cm, ET is effective Trouton elongational
viscosity in units of poise and AV is air velocity in m/sec.

ST=3.46x107° MMD'32 ET 013 Ay232 eq(2)
wherein MMD is expressed in microns, ST is liquid surface
tension in dynes/cm, ET is effective Trouton elongational
viscosity in units of poise and AV is air velocity in m/sec.

ET=6.74x107%1 MMD®5" ST-72* AV'657 eq(3)

wherein MMD is expressed in microns, ST is liquid
surface tension in dynes/cm, ET is effective Trouton elon-
gational viscosity in units of poise and AV is air velocity in
m/sec.

For the purposes of this disclosure, “elongational viscos-
ity” is a measurement of that property of a liquid which
enables it to resist shear stress in a longitudinal direction.
Dynamic surface tension is a measurement of the tendency
of a liquid to bring its volume into a form having the least
possible surface area. Both of these above defined charac-
teristics result from intermolecular forces and the method of
this invention is also applicable to other similar liquid
characteristics resulting from such intermolecular forces.

BRIEF DESCRIPTION OF THE DRAWING

The invention is further described with reference to the
accompanying drawings in which:

FIG. 1 is a plan view of an apparatus used to carry out the
method of the present invention; and

FIG. 2 is a graph showing predicted MMD data from an
equation disclosed herein vs. actual MMD data.

DETAILED DESCRIPTION

Referring to FIG. 1, there is shown a small scale coaxial
liquid jet/air stream system using a Swagelok union tee for
1 inch diameter tubes. The capillary tube 10 inside diameter
is 0.094 inches and is 6 inches long. The tube is centered in
a 0.5 inch diameter TEFLON tube 12. Distance “A” is
preferably about 1.9 cm and distance “B” is preferably 2.5
cm. Air input through another capillary tube 16 to the system
fills volume 14 with pressurized air and can be regulated to
produce air velocities up to 50 m/sec on exiting between
TEFLON tube 12 and liquid capillary tube 10 as measured
using a pitot tube. Liquid input through capillary tube 10 is
supplied by a constant volume infusion pump with two 50 cc
syringes at the downstream side. Volumetric flow rates as
high as 83 cc/min can be obtained. The liquid jet stream and
the gaseous fluid stream flow coaxially in the upstream
section of the capillary tube 10 producing breakup of the
liquid jet.

Liquid jet breakup MMD’s were determined using a
Malvern Particle Sizer which measured the resultant particle
size distribution in real time. A laser beam from the Sizer
transmitter was directed toward the particle spray which
diffracted the incident beam. A receiving lens focuses the
diffracted light onto a photodetector array. A computer
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software package than calculates and displays the resultant
MMD. The liquid jet/air stream was positioned such that the
center of the teflon tube was 9 cm from the front of the
Malvern receiving lens and 2 cm normal to the laser beam.
This 2 cm displacement was sufficient to insure complete
atomization as evident from high speed flash photographs of
the liquid spray.

Three neat liquids were used to establish an empirical
relationship for MMD as a function of liquid physical
properties. Table 1 lists the liquids and the associated
physical properties that were varied. A total of 30 tests were
performed in order to obtain a sufficient data base. Test
results were then correlated using a multiple linear regres-
sion technique. The resultant equation is

MMD=15285.4 ST®"%5 ET0%95 Ay-175 eq(l)

Wherein MMD is expressed in microns, ST is the liquid
surface tension (dynes/cm), ET is the effective Trouton
elongational viscosity i.e. for a Newtonian fluid 3 times the
shear viscosity in units of poise, and AV is the air velocity
(m/sec). FIG. 2 shows the test MMD data plotted against the
predicted MMD using equation (1). A good correlation is
indicated. It was also possible to correlate the data by
treating either the surface tension or the effective Trouton
viscosity as the dependent variable, and resulted in the

following two expressions, i.e.

ST=3.46x10" MMD*-32 ET-013 AV232 eq(2)
and

ET=674x10%1 MMD®57 ST-724 Ay1657 eq(3)

wherein the units are the same as described for eq(1). The
time scale of the process can easily be determined from
photographs of the liquid jet. The measured length of the jet
and average wind speed can be used to estimate the breakup
time of the process.

With Equations 2 and 3 and MMD measurements
obtained with the spray/particle sizing system, it is now
possible to deduce a dynamic surface tension or an effective
elongational viscosity. Equation 2 is used to deduce the
dynamic surface tension of a Newtonian liquid once the
shear viscosity is obtained using standard viscometric tech-
niques. Equation 3 is used to deduce an effective elonga-
tional viscosity of a dilute polymer solution once the steady
state surface tension is measured using any standard tech-
nique.

While the present invention has been described in con-
nection with the preferred embodiments of the various
figures, it is to be understood that other similar embodiments
may be used or modifications and additions may be made to
the described embodiment for performing the same function
of the present invention without deviating therefrom. There-
fore, the present invention should not be limited to any
single embodiment, but rather construed in breadth and
scope in accordance with the recitation of the appended
claims.

TABLE 1
Trouton
Surface Tension Viscosity
Liquid (dynes/cm) (poise)
Distilled Water 69 027
Peg-200 40.2 1.56
34% (ETOH)/Water 36.3 .03

What is claimed is:
1. A method for determining intermolecular force related
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4
physical properties of an objective liquid, comprising the
steps of: :
(a) atomizing a neat liquid to a particle size in a gaseous
fluid stream, said neat liquid having known intermo-
lecular force related physical properties;

(b) measuring the particle size of said atomized neat
liquid;

(c) determining an empirical expression based on the
known physical properties of said neat liquid and the
atomization conditions; and

(d) using said empirical expression and identical atomi-
zation conditions to determine said intermolecular
force related physical properties of said objective lig-
uid.

2. The method of claim 1, wherein the intermolecular
force related physical property determined is elongational
viscosity.

3. The method of claim 2 wherein the objective liquid is
a Newtonian fluid.

4. The method of claim 2 wherein the objective liquid is
a polymer solution.

5. The method of claim 2, wherein said objective liquid
contains surfactant.

6. The method of claim 1, wherein the intermolecular
force related physical property determined is dynamic sur-
face tension.

7. The method of claim 6 wherein the objective liquid is
a Newtonian fluid.

8. The method of claim 6 wherein the objective liquid is
a polymer solution.

9. The method of claim 6, wherein said objective liquid
contains no surfactant.

10. The method claim 1 wherein the gaseous fluid stream
is an air stream.

11. The method of claim 10 wherein the liquid particle
size is defined in terms of mass median diameter (MMD)
and the following relationship exists:

MMD=15285.4 ST°72° ET%%5 pAy-175 eq(l)
wherein MMD is expressed in microns, ST is liquid surface
tension in dynes/cm, ET is effective Trouton elongational
viscosity in units of poise and AV is air velocity in m/sec.

12. The method of claim 10 wherein the liquid particle
size is defined in terms of mass median diameter (MMD)
and the following relationship exists:

ST=3.46x10" MMD'32 ET 013 Ay232 eq(2)
wherein MMD is expressed in microns, ST is liquid surface
tension in dynes/cm, ET is effective Trouton elongational
viscosity in units of poise and AV is air velocity in m/sec.

13. The method of claim 10 wherein the liquid particle

-size is defined in terms of mass median diameter (MMD)

and the following relationship exists:

ET=6.74x10"%! MMD®7 ST 72 AV1657 eq(3)
wherein MMD is expressed in microns, ST is liquid surface
tension in dynes/cm, ET is effective Trouton elongational
viscosity in units of poise and AV is air velocity in m/sec.

14. The method of claim 1 wherein the liquid is atomized
by causing said liquid to flow in a jet stream generally
coaxially with the gaseous fluid stream.

15. The method of claim 14, wherein the gaseous fluid
flows from a first capillary tube into a contained volume and
then into a tube, said tube coaxially surrounding a second
capillary tube, said second capillary tube containing said
liquid jet stream.
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16. The method of claim 15, wherein an atomized liquid 17. The method of claim 1, wherein the objective liquid
particle siream is produced by the intersection of the liquid is a neat liquid.
jet stream and the gaseous fluid stream and particle size is 18. The method of claim 1, wherein the objective liquid

measured by directing a laser beam at the particle stream is a liquid in which a solute is dissolved.
after which light from said laser beam is focussed on a 5
photodetector display. ¥ ook ok ok %
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